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We report on the spectral properties of a diode laser with a tunable external cavity in integrated optics. Even
though the external cavity is short compared to other small-bandwidth external cavity lasers, the spectral
bandwidth of this tunable laser is as small as 25 kHz (FWHM), at a side-mode suppression ratio (SMSR) of
50 dB. Our laser is also able to access preset wavelengths in as little as 200 µs and able to tune over the full
telecom C-band (1530 nm – 1565 nm).
PACS numbers: 42.55.Px, 42.60.Da, 42.82.Bq, 42.82.Fv
I. INTRODUCTION
Tunable narrow bandwidth diode lasers with band-
widths well below 1 MHz are of interest for applica-
tions in, e.g., coherent optical communications, where
frequency tunability and narrow bandwidths can be used
to increase data transfer density1. These lasers might
also be of interest in applications where increased phase
stability is required, such as atomic clocks2. Another ap-
plication of interest is broadband, squint-free Ku-band
phased array antenna systems, where the narrow laser
bandwidth increases the resolution and where laser wave-
length tuning is necessary for phase retrieval3,4. Here
the beat frequency between a fixed frequency and a tun-
able laser, with sufficiently narrow bandwidths, provides
phase information needed to replace complicated electri-
cal delay lines and modulators in current designs. Free-
space external cavity diode lasers are capable of produc-
ing such narrow bandwidths, however wavelength tuning
is too slow, due to a moving grating or feedback mirror5.
The spectral bandwidth of free-running diode lasers
without frequency selective feedback is in the order of
GHz, so spectral narrowing methods have to be applied
in order to reach bandwidths well below 1 MHz. Such
narrowing, in combination with spectral tuning can be
reached through tunable frequency selective optical feed-
back6. The two main approaches are monolithic semicon-
ductor lasers, such as distributed Bragg reflector (DBR)
lasers and distributed feedback (DFB) lasers, and exter-
a)Electronic mail: R.M.Oldenbeuving@UTwente.nl
nal cavity semiconductor lasers (ECSL). However, the
bandwidth of DBR and DFB lasers are typically around
a few MHz with a tuning range of several nm, though tun-
ability can be increased at the expense of bandwidth7,8.
DBR and DFB lasers are not suitable if a narrower band-
width combined with wider tunability is required. To
solve this problem, external cavities can be used5–8. How-
ever, to reach bandwidths well below 1 MHz, fluctuations
in the optical cavity length have to be avoided, so me-
chanically stable free space external laser cavities with
lenses, gratings, and lengths of at least several centime-
ters are required. It is difficult to achieve mechanically
stable cavities without any acoustic noise. As an exam-
ple, the Schawlow-Townes limit6 of these lasers can be
reached by active control of the positioning of the focus-
ing lenses inside the cavity very precisely using piezo ele-
ments5.In addition, the problem in achieving both a nar-
row bandwidth and a fast wavelength tunability, is the
mechanical stability of the external cavity of the diode
laser; on the one hand, fast tuning capabilities will result
in a less mechanically stable cavity and hence a band-
width broadening, on the other hand, a very mechani-
cally stable cavity will result in lower tuning speed and
tuning range.
We present a solution to these problems that follows
the approach of Chu et al.9,10, where an optical gain chip
is coupled to an external cavity that is integrated on a
waveguide chip. We call this approach a waveguide based
external cavity semiconductor laser (WECSL). The ex-
ternal cavity provides frequency selective, and tunable
feedback to the laser diode. The waveguide chip incorpo-
rates a double micro-ring resonator (MRR) structure, as
depicted in Fig. 1, referred to as an MRRmirror. The res-
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onance frequencies of both MRRs can be tuned by heat-
ing the MRRs, resulting in faster tunability than possi-
ble for mechanically tuning a free-space external cavity.
Since the external cavity is integrated on a waveguide
chip, mechanical stability is significantly increased com-
pared to free-space external cavities.
While Chu et al. –through this approach– had pre-
sented a side-mode suppression ratio (SMSR) of 40 dB
and a wide wavelength coverage (38 nm around 1550 nm),
we have found an improved SMSR of 50 dB and
demonstrate rapid wavelength addressability. Moreover,
Chu et al. make no mention of their achieved spectral
bandwidth, while, here, we demonstrate a spectral band-
width of 25 kHz, which is surprisingly narrow considering
the relatively small physical length of the WECSL.
In this paper we will discuss the design, fabrication,
performance and spectral properties of our WECSL. We
show the measured SMSR, tuning range, switching time,
and demonstrate a very narrow spectral bandwidth. The
experimentally obtained spectral bandwidth is compared
to the theoretically expected value.
II. WAVEGUIDE DESIGN
The spectral gain bandwidth of the diode laser gain
chip used in our experiments extends over a significant
range of several tens of nanometers. This may easily lead
to undesired oscillation at several frequencies and also
decrease the SMSR. A careful choise of the MRRs free
spectral range (FSR) allowed oscillation to be restricted
to a single mode with a narrow bandwidth, with high
SMSR, while also achieving wide wavelength tunability.
More specifically, the FSR of the MRRs were chosen such
that feedback over most of the gain bandwidth, except
for a selected wavelength of laser operation, was avoided.
In addition to the FSR, the strength of the in- and output
coupling of the MRR, through its coupling coefficient (κ),
must also be chosen.
The free spectral range, ∆λFSR, of a single MRR, as
given by11, can be calculated by
∆λFSR =
λ2
ngL
(1)
where λ is the central wavelength, ng is the group in-
dex of the waveguide and L is the geometrical roundtrip
length of the MRR. By changing the optical roundtrip
length ng ·L, the resonant frequencies are shifted. In our
case, the group index is varied by controlled heating of
the MRR via an electric heater placed atop the MRR.
Using this method of tuning, for the MRRs used in this
work, with L in the order of 350 µm, one is capable of
shifting the resonant frequencies over the full range of the
FSR.
To extend the tuning range beyond one FSR, a second
MRR with a slightly different radius can be added in se-
ries, exploiting the Vernier effect12,13, rendering an FSR
of the combined MRRs, ∆λFSR,tot, of
∆λFSR,tot = m ·∆λFSR,1
∆λFSR,tot = (m+ 1) ·∆λFSR,2
}
(2)
where ∆λFSR,1 and ∆λFSR,2 are the free spectral
ranges of the rings with radii R1 and R2, respectively,
andm is the smallest positive integer that simultaneously
satisfies Eq (2). Note that Eq. (2) does not take the spec-
tral width of the transmission resonances of the MRRs
into account, but only at their center wavelengths. The
finite width of the transmission resonance can be taken
into account by using Eq. (3,4), with their respective con-
straints.
The spectral bandwidth at full width half maximum
(FWHM), ∆λFWHM of the resonance of a single MRR,
as given by Yariv11, is described by
∆λFWHM =
λ20
piLng
· κ
2
√
1− κ2 (3)
where λ0 is the center wavelength of the MRR reso-
nance, and κ is the coupling coefficient of the MRR (for
the electric-field amplitude). Eq. (3) only incorporates
the MRR’s roundtrip losses via κ, while neglecting other
losses (such as scattering, absorption and radiative bend-
ing losses). This is a valid approximation for the MRRs
used in this research, since –for the typical loss values
discussed below– the coupling coefficient of the MRR ac-
counts for over 99% of the roundtrip losses.
In designing the double MRR feedback, such that the
laser oscillates only at a single frequency, it is important
that Rλ0/Rλsp > Gλ0/Gλsp , where Rλ0,sp and Gλ0,sp
are the reflectivities and relative gains at the ratio of
the feedback at the wavelength that provides the high-
est feedback (called “center peak”) with that of the next
peak in the reflectivity spectrum (called “side peak”),
respectively. The “peak-height ratio” (PHR) is given by
Rλsp/Rλ0 . Rλsp is dependent on the coupling coefficients,
κ, of the MRRs (i.e., on the FWHM of the MRRs) and on
the difference between the FSRs of the two rings. More
specifically, a calculation of the PHR requires taking the
spectral shape of the resonances of the individual MRRs
into account. For simplicity, we have only considered the
case for a single side peak. However, for completeness, it
should be noted that – if the FWHM of the two MRRs
are assumed equal – the first two side peaks occur at
λsp = λ0 ± (|∆λFSR,1 −∆λFSR,2|/2). It is well known
(see e.g. Little et al.14) that the shape of the transmis-
sion resonances of a single MRR can be approximated by
a Lorentzian shape
L(λ) =
(
1
pi
) 1
2∆λFWHM
(λ− λc)2 + (12∆λFWHM )2
(4)
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were L(λ) is the Lorentzian function and
λc = λ0 ± n ·∆λFSR (with n an integer). To cal-
culate the feedback of two MRRs coupled in series, as
we investigate here, the center peak occurs at λc = λ0
and the side peak occurs at λsp. The power transmitted
through both rings is now described by the product
of the Lorentzian transmission functions of the two
individual MRRs at λc = λ0 and the power of the
side peaks can be approximated by the product of the
Lorentzian functions L(λsp) with λc = λ0 ±∆λFSR,1.
Assuming equal coupling coefficients κ for the MRRs,
the PHR (δPHR) is obtained as
δPHR =
L(λsp)
2
L(λc)2
. (5)
Summarizing, with Eqs. (1-5) a double-MRR mirror
can be characterized with a ∆λFSR,tot, a FWHM and a
PHR. A double MRR that provides a sufficiently large
∆λFSR,tot, a small FWHM, and a low PHR, should re-
sult in a narrow bandwidth laser, operating on a single-
longitudinal mode, with a high SMSR, and a wide tuning
range.
We have fabricated such frequency selective waveg-
uide circuits, based on a double MRR, using box-shaped
Si3N4/SiO2 waveguide technology (TriPleX
TM )15, be-
cause this offers low waveguide scattering losses
(≤0.06 dB/cm), a relatively high index contrast
(∆n=0.1-0.5) and low radiative bending losses (∼
1 dB/cm for a bend with a radius of 50 µm)15,16. The
box-shaped design of the waveguide cross section used
in this research has a mode-field diameter (MFD) of
∼1.5 µm. A radius of R=50 µm for MRRs is the small-
est radius that can be fabricated reproducibly, with ac-
ceptable radiative bending losses (we chose 1 dB/cm
to be acceptable, because bending losses <1 dB/cm
can be safely neglected with respect to in- and out-
put coupling as described above). With a designed
ng=1.73, and R1=50 µm, gives ∆λFSR,1=4.4 nm at
λ0=1550 nm. For applications in telecommunications,
it is required to be able to tune over at least the full C-
band (1530 nm – 1565 nm), i.e., a ∆λFSR,tot >35 nm.
To allow for an error margin in the FSR, we choose
to aim for an ∆λFSR,tot >40 nm. Eq. (2) then re-
quires m >10 which leads to a ∆λFSR,tot=44 nm and
∆λFSR,2=4.0 nm (such that the design diameter of the
second MRR is R2=55 µm). The layout of the frequency
selective mirror, consisting of Y-splitters, directional and
bi-directional couplers, and MRRs, is shown in Fig. 1.
The bi-directional symmetric coupler taps off ∼5% of the
light from position C into what we call a measurement
channel. This feature was included to allow the laser and
mirror performance to be monitored in more detail. The
coupler is located between the laser diode input port and
the MRR mirror, see Fig. (1b,c). OUT-1 and OUT-2 in-
dicate the output ports of the measurement channel and
OUT-3 indicates the output port of the WECSL. Finally,
to optimize coupling between the gain section, which is
C
R
1
R
2
α
5 mm
(a)
(b)
(c)
IN
OUT-1
OUT-2
OUT-3
FIG. 1. Schematic of the waveguide chip. (a) Shows the com-
plete waveguide chip. The waveguides are depicted in white,
electrical contacts are in yellow, and heaters are in gray. The
heaters are placed on top of the MRRs (for thermal tuning of
the MRRs’ resonance frequencies), and on the straight waveg-
uides after the MRR mirror (for changing the refractive index
of the straight waveguides after the MRRs, such that a max-
imum output power can be achieved after the two straights
are combined). (b) Shows the waveguide chip without heaters
and electrical contacts. (c) Is a zoom-in on the two MRRs,
having radii R1 and R2, and the coupler C.
an anti-reflection coated angled single-stripe diode gain
chip, and the external waveguide cavity, the input of the
waveguide is oriented at an angle (α ≈ 9◦) with respect to
the waveguide chip facet. This angle takes into account
the output angle of the gain chip (≈ 5◦) and the different
refractive indices of the gain chip and waveguide.
Since the PHR needs to be smaller than the steep-
est slope in the gain profile of the laser, a sufficiently
small PHR needs to be provided by design. The steep-
est slope of the gain spectrum of the laser gain chip
used in this research is 0.48 dB/nm, requiring that
δPHR <0.63 (i.e., >2.0 dB over λ0 − λsp). Combining
Eqs. (4 and 5), with the parameters determined ear-
lier (R1=50 µm, R2=55 µm, and ng=1.73) shows that
∆λFWHM=0.52 nm, requiring κ
2 <0.44.
To validate these results, we have calculated the val-
ues for the FSR, FWHM, and PHR in more detail, us-
ing the general method, as described by Yariv11,17. A
very detailed description of this method can be found
in the PhD Thesis of Klein18. These calculations re-
sulted in a set of optimized parameters in agreement with
those found above (∆λFSR,tot=44 nm, δPHR=0.63, and
∆λFWHM=0.51 nm, for κ
2=0.44). The calculated re-
flectivity spectrum, taking R1=50 µm, R2=55 µm and
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FIG. 2. Calculated reflectance spectrum of the MRR mirror,
using κ2=0.44, R1=50 µm, R2=55 µm and ng=1.73, with no
additional roundtrip losses.
ng=1.73, is shown in Fig. 2.
Due to the many different steps in fabrication of
the used waveguides, it is very challenging to fabricate
–purely by design– an MRR mirror with the exact cou-
pling coefficient of κ2=0.44. In practice, the intended
coupling coefficient is expected to possess a fabrication
error of at least κ2 ± 0.05. To make, nevertheless, a suit-
able value of κ available, we fabricated a large set of MRR
mirrors in which the nominal design value of κ is system-
atically varied in steps smaller than the fabrication error.
In our case we have designed the MRR mirrors such that
the values for κ cover at least 0.3< κ2 <0.4. Thereby
we ensure that, in spite of fabrication errors, an MRR
mirror with a δPHR <0.63 can be obtained. In addition,
this makes MRR mirrors available with a large variety of
κ values, which are of interest for investigating variations
in the performance of MRR mirrors.
III. WAVEGUIDE CHARACTERIZATION
For the measurements described in Sections II, III,
IV, and V, we used an optical spectrum analyzer
(OSA) (ANDO AQ6317), a super luminescent diode
(SLD) (Thorlabs S5FC1005S), a calibrated fiber-coupled
power meter (HP81536A), a calibrated beam profiler
(Thorlabs BP104-IR), a custom anti-reflection coated
C-band angled-stripe gain chip (Fraunhofer Heinrich-
Hertz-Institut), an analog output card (National Instru-
ments PCIe-6251), a 20 GHz optical detector (Discov-
ery Semi DSC30s), an acousto-optic modulator (AOM)
(AA Opto Electronic, MT80-IIR60-F10-PM0.5-130.s),
an AOM driver (ISOMET 232A-2), an Erbium doped
fiber amplifier (Firmstein Technologies Inc. PR25R) and
an RF spectrum analyzer (Agilent Signal Analyzer MXA
N9020A).
We characterized a set of ten MRR mirrors with dif-
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FIG. 3. The fitted calculated (red line) and measured (black
line) reflected spectra of the MRR mirror, normalized to the
maximum power of the reflected spectra. The output spec-
trum of the SLD (inset) was used as the input spectrum for
the MRR mirror for both the measurement and calculation.
For the calculations κ2=0.39, and ng=1.7293 was used. The
PHR was measured to be 0.56 and the ∆λFSR,tot was mea-
sured to be 42.6 nm.
ferent designed κ-values. As expected, we found several
MRR mirrors with a measured value of 0.3< κ2 <0.4.
For characterization in more detail, out of this set of
MRR mirrors, we selected the MRR mirror that showed
the highest output when coupled to a single-mode fiber.
All waveguide characterization and laser characteriza-
tion measurements presented in this letter are from that
MRR mirror. The spectrally dependent reflection from
the MRR mirror was measured using the fiber coupled
super luminescent diode, butt coupled via a PM-fiber to
the input port of the waveguide chip (Fig. 1(b), IN ). The
spectrum of the SLD is shown in the inset in Fig. 3, nor-
malized to the maximum spectral power density of the
SLD. The spectrum of the light reflected by the MRR
mirror is measured at the output port of the measure-
ment channel (Fig. 1(b), OUT-1 ) using the OSA. This
is shown in Fig. 3, normalized to the maximum spectral
power density of the reflected spectrum.
The peak power measured at port OUT-1 is about
20% of the peak power measured at port OUT-2, which
indicates that the MRR mirror has an overall reflectiv-
ity of 20% at the center wavelength λ0=1552.2 nm. For
other measured MRR mirrors this value was typically
between 20% and 30%. The measured peak-height ra-
tio is 0.56±0.01. When compensated for the normal-
ized input spectrum of the SLD this corresponds to a
δPHR of 0.55±0.01. The theoretical spectrum calculated
as described above, was fit to the measured spectrum in
Fig. 3. To fit the wavelength of the calculated center
peak to the measured center peak at λ0 at 1552.2 nm
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the group index ng was varied in the calculations. For
fitting the PHR, the coupling coefficient κ was varied.
The fit yielded a value of ng=1.7293±0.0001, which is in
good agreement with the value expected by the design
parameters ng ≈1.73. The value of δPHR=0.55 obtained
by the fit corresponds to κ2=0.39±0.01, which is in the
designed range of 0.3< κ2 <0.4. As can be seen in Fig. 3,
the measured ∆λFSR,tot of the MRR mirror is 42.6 nm,
which is very close to the designed ∆λFSR,tot of 44.0 nm.
The residual deviations can be addressed to deviations in
ring radii from the design values.
IV. FREE-RUNNING GAIN CHIP CHARACTERIZATION
The free-running gain chip was characterized to com-
pare the spectral properties –laser threshold, maximum
output power, side-mode suppression ratio (SMSR) and
spectral bandwidth– of the laser gain chip with and with-
out external cavity.
The gain chip has a specified typical back-facet reflec-
tivity of 85% and maximum front facet reflectivity of
0.1%. The latter is achieved by an anti-reflection coating
and an angle of 5◦ of the gain stripe to the surface normal
of the output facet. The specified far-field divergence is
19◦ FWHM in both directions, which corresponds to a
mode-field diameter at the output facet of 6 µm FWHM.
The specified threshold pump current is 17.0 mA.
We verified the threshold pump current to be
Ith=17.8 mA. The maximum output power was measured
to be 7.4 mW at ILD=90.0 mA. At a pump current well
above threshold (ILD=30 mA) the observed side-mode
suppression ratio (SMSR) was -24 dB. At higher pump
currents (ILD >60 mA) the SMSR gradually reduced to
-20 dB.
Spectral measurements were performed using a single-
mode fiber connection to the input of the OSA to ensure
maximum spectral resolution. The spectral bandwidth
was measured to be 0.02 nm FWHM (i.e., 2.5 GHz). Be-
cause this value is higher than the resolution of the OSA
(0.01 nm, i.e., 1.25 GHz), we can assume that the spec-
tral bandwidth of the free-running laser was resolved by
the OSA.
V. WECSL CHARACTERIZATION
The gain chip, described in Section IV, was butt-
coupled to the MRR mirror, described in Sec-
tions II and III, to form a WECSL.
Due to the feedback of the MRR mirror, the threshold
pump current was lowered to a value of Ith=5.6 mA.
To accurately measure the output power, the out-
coupled light was collected using a multimode fiber. The
maximum output power was measured, at a pump cur-
rent of ILD=86.7 mA, to be 1.0 mW ±4.5·10−2 mW.
Increased feedback by the MRR mirror, in place of the
weak feedback from the residual diode facet reflectivity, is
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FIG. 4. Output power spectrum of the WECSL on a loga-
rithmic scale. The highest measured side-mode suppression
ratio is 50 dB.
expected to increase the output, especially as the thresh-
old was also measured to be lowered. Our observation
of a lower output power can be explained by loss due to
a mode mismatch between the gain chip and the waveg-
uide. Additionally, we expect losses by reflections at the
facets of the waveguide chip and the multi-mode fiber.
The output spectrum, measured across the range of
1525 nm to 1575 nm, is displayed in Fig. 4. It can be seen
that, compared to the free-running case, the maximum
value for the SMSR (at a pump current of ILD=86.1 mA)
drastically improved to 50 dB. Depending on the align-
ment of the gain chip to the MRR mirror’s IN -port, the
SMSR was found to vary between typically 40 dB and
50 dB. It should be noted that in Fig. 4 the maximum
power is lower than the previously mentioned 1.0 mW
(i.e., 0 dBm). This can be addressed to the mode mis-
match of the MFD of the waveguide output (OUT-3 in
Fig. 1b) with the MFD of the single-mode fiber.
The OSA had inadequate spectral resolution to re-
solve the spectral bandwidth of the WECSL. To mea-
sure the spectral bandwidth of the laser with significantly
increased resolution, we used a delayed self-heterodyne
interferometer as described in19,20 with a delay line of
16 km of single-mode fiber. The measured power spec-
trum of the RF-beat signal is shown in Fig. 5, where
the black dots indicate the measurement data and the
red line shows a Lorentzian fit. The Lorentzian fit has
a 3 dB bandwidth of 50 kHz, which corresponds to a
25 kHz FWHM laser bandwidth. The phase noise of the
RF oscillator is in the Hz regime, so that does not sig-
nificantly contribute to the measured bandwidth of the
laser.
This laser bandwidth of 25 kHz is surprisingly narrow,
when only the physical length of the external waveguide
cavity (several mm) and the maximum reflectance of the
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MRR mirror are taken into account. However, the nar-
row bandwidth can, indeed, be explained by the following
two physical effects, which are introduced by the specific
design of the double-MRR mirror. First the MRRs –
because the resonant light performs multiple roundtrips–
introduce an optical delay21. This results in an increase
of the cavity photon lifetime, due to the relatively high
quality factors (Q factors) of the MRRs. The Q factor
of a resonator, such as a Fabry Perot or an MRR, is
given by Q = λ/(∆λFWHM )
22. The cavity photon life-
time (sometimes referred to as cavity ring-down time)
is given by τc = λQ/(2pic)
22. For a Fabry Perot (FP)
cavity, it is convenient to rewrite the cavity photon life-
time to directly include the effective cavity length (L),
the reflectance of the front mirror (Ra) and end mirror
(Rb) and the cavity-internal loss (Loss). τc then becomes
τc,FP = −2L/(c · ln(RaRb(1 − Loss)2)). Assuming the
WECSL can be described as a FP laser, Ra can be taken
as the reflection of the back mirror of the gain chip and
Rb as the maximum reflectivity of the MRR mirror, the
photon cavity lifetime of the WECSL is the sum of the
individual cavity lifetimes. With two MRRs inside the
cavity, the overall τc becomes τc,FP + τc,MRR1 + τc,MRR2
(where τc,MRR1,2 is the cavity photon lifetime of the first
and second MRR, respectively). Using the values as de-
scribed in Section II and III, τc is calculated to be 13.5 ps.
Second, unlike the diode chip back facet that provides
a spectrally broadband reflection, the MRR mirror pro-
vides a frequency selective feedback. This narrows the
laser bandwidth even further, which can be viewed as
due to chirp reduction23 and optical self-locking24. Us-
ing Eq.(6) as given by24, one can calculate the minimum
expected bandwidth of the laser, ∆ν, as
∆ν =
∆νS.T.(
n1L1
n0L0
· F1
F0
)2 , (6)
where n the index of refraction, L the physical length,
and F the Finesse, with subscripts 0: the gain chip part
of the WECSL and subscripts 1: the waveguide part of
the WECSL. ∆νS.T. is the Schawlow Townes bandwidth
of the free running laser diode (∆νS.T. = ∆ν0/(1+α)
2)24,
where ∆ν0 is the FP cavity bandwidth of the free run-
ning laser diode and α the line width enhancement fac-
tor of the free running laser diode6, in our case, ap-
proximated as α = 5, which is a good approximation
since, typically, 4< α <85,6. The Finesse is calculated as
F = ∆λFSR/(∆λFWHM )
22. For the free running laser
diode, we calculated F0=0.89 and for the external cavity,
using the cavity photon lifetime to calculate the FWHM,
and ∆λFSR,tot, as measured in Section III, we calculated
F1=440.
Taking the optical delay and frequency selective feed-
back into account, we calculate the theoretical minimum
bandwidth of our WECSL to be as narrow as 5 Hz. The
calculations show that the minimum bandwidth could be
reduced even further by designing a new MRR mirror
79.5 80.0 80.5
-80
-78
-76
-74
-72
50 kHz
3 dB
Frequency (MHz)
R
F
-p
o
w
e
r 
(d
B
m
)
Measurement
Lorentzian fit
FIG. 5. Self-heterodyne beat spectrum the WECSL. The
black dots show the measured RF beat spectrum and the red
line shows a Lorentzian fit with a 3 dB bandwidth of 50 kHz.
This corresponds to a laser bandwidth of 25 kHz.
with three major improvements. First, the cavity pho-
ton lifetime can be increased through decreasing κ of the
MRR. Second, by decreasing the cavity-internal loss by
mode matching the waveguide to the gain chip, the cav-
ity photon lifetime increases. Finally, by increasing the
∆λFSR,tot, the Finesse increases.
In the experiments reported here, this theoretical limit
is not achieved. We believe that there are two main ex-
planations. First, a mode mismatch in coupling between
the gain chip and the waveguide leads to increased in-
tra cavity losses. Second, we believe that acoustic vibra-
tions of the residual gap between gain chip and waveguide
chip cause the cavity loss and lenght to fluctuate, both of
which lead to spectral broadening (via amplitude modu-
lation in the case of cavity loss and increased phase noise
in the case of length modulation).
Nevertheless, a theoretical minimum laser bandwidth
of 5 Hz clearly shows the huge potential of such WECSLs,
as future light sources with extreme spectral purity. In
particular, because this potential is much higher than ex-
pected from standard, grating-controlled, external cavity
diode lasers.
The full tuning range of our laser was measured to be
at least 44 nm, as can be seen in Fig. 6. The tuning range
covers the entire telecommunication C-band (1535 nm –
1560 nm).
To quantify the minimum time in which the laser wave-
length can be set to a different value within the tuning
range, we measured what we define as the switching time
between two preset wavelengths. To induce an adjustable
switching time between two preset wavelengths, we used
a computer controlled voltage supply, connected to a
home-built power amplifier to drive the heaters. The out-
put ports from the power amplifier were connected to the
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FIG. 6. Superposition of several output spectra of the
WECSL as obtained when increasing the heater voltage of a
single MRR (with radius R1). The overall spectral coverage,
indicated as tuning range, is over 44 nm.
electrical contacts on the waveguide chip. By applying
a voltage to only the heater of the ring with R1=50µm,
we expect to see wavelength switches of the size of the
FSR of R2 (i.e., 4.0 nm). Indeed, the first stable and re-
producible wavelength switch we observed occurred from
λ=1552.2 nm to λ=1548.2 nm, when a voltage of 2.3 V
was applied to the heater. To measure the switching time
between these two wavelengths, the switching is induced
by applying a voltage step from 0 V to 2.3 V to the heater.
To observe the spectral response of the laser, the output
is normally incident a reflection grating (600 lines/mm).
A photodiode is placed in one of the two transverse po-
sitions, 2 m from the grating, corresponding to diffrac-
tion of light from either λ=1552.2 nm or λ=1548.2 nm.
Fig. 7 shows the photodiode signal recorded as a func-
tion of time. The traces show a step-like shape, from
which the switching time can be retrieved. The time in-
terval in which the signal changes from 10% to 90%, from
1552.2 nm to 1548.2 nm and vice versa can be seen to be
200 µs ±40 µs.
To summarize, our measurements show that, compared
to the free-running laser diode, the external cavity im-
proves the SMSR by 30 dB (from 20 dB to 50 dB). The
laser’s tuning range is measured to be 44 nm and the
switching time between two wavelengths is 200 µs. The
laser bandwidth is as narrow as 25 kHz.
VI. CONCLUSION
In this letter we have investigated the spectral proper-
ties of a waveguide based external cavity semiconductor
laser (WECSL), where the external cavity is a tunable
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FIG. 7. Measured laser switching times. In (a) and (b) the
photodiode is aligned to detect light with a wavelength of
1552.2 nm, and in (c) and (d) the photodiode is aligned to
detect light with a wavelength of 1548.2 nm. In (a) and (c)
the laser is switched from 1548.2 nm to 1552.2 nm, whereas in
(b) and (d) the laser is switched from 1552.2 nm to 1548.2 nm.
micro-ring resonator mirror, fabricated in box-shaped
Si3N4/SiO2 waveguide technology. The SMSR of the
WECSL is measured to be 50 dB. Our laser is tunable
over the full telecommunications C-band and switches
between two preset wavelengths in 200 µs. Most im-
portantly, our WECSL offers an extremely small spec-
tral bandwidth of 25 kHz. The fundamental (Schawlow-
Townes) limit, reduced by the MRR-based enhancement
of the cavity photon lifetime and reduced by the spectral
narrowing of the external feedback, is in the order of only
5 Hz. This indicates that, via technical improvements it
should be possible to reduce the experimental bandwidth
of the laser by several orders of magnitude. The narrow
bandwidth and great potential for significant further nar-
rowing, fast wavelength switching and wide wavelength
tunability make this WECSL an ideal candidate for ad-
vanced applications such as in broadband squint-free Ku-
band phased array antenna systems.
1E. Ip, A.P.T. Lau, D.J.F. Barros and J.M. Kahn, “Coherent
detection in optical fiber systems”, Opt. Ex. 16, 753–791 (2008);
2Y.Y. Jiang, A.D. Ludlow, N.D. Lemke, R.W. Fox, J.A. Sherman,
L.-S. Ma and C.W. Oates, “Making optical atomic clocks more
stable with 10−16-level laser stabilization”, Nature Photonics 5,
158-161 (2011);
3D. Marpaung, L. Zhuang, M. Burla, C. Roeloffzen, J. Verpoorte,
H. Schippers, A. Hulzinga, P. Jorna, W.P. Beeker, A. Leinse,
R.G. Heideman, B. Noharet, Q. Wang, B. Sanadgol and R.
Baggen, “Towards a broadband and squint-free Ku-band phased
array antenna system for airborne satellite communications”,
Proc. of the 5th European Conference on Antennas and Prop-
agation (EUCAP), 2623–2627 (2011);
25 kHz narrow spectral bandwidth of a wavelength tunable diode laser with a short waveguide-based external cavity 8
4A. Meijerink, C.G.H. Roeloffzen, R. Meijerink, L. Zhuang, D.A.I.
Marpaung, M.J. Bentum, M. Burla, J. Verpoorte, P. Jorna,
A. Hulzinga and W. van Etten, “Novel Ring Resonator-Based
Integrated Photonic Beamformer for Broadband Phased Array
Receive AntennasPart I: Design and Performance Analysis”, J.
Lightw. Technol. 28, 3–18 (2010);
5S.D. Saliba and R. E. Scholten, “Linewidths below 100 kHz with
external cavity diode lasers”, Appl. Optics 48, 6961–6966 (2009);
6C.H. Henry, “Theory of the linewidth of semiconductor lasers”,
IEEE J. Quantum Elect. 18, 259–264 (1982);
7P. Signoret, M. Myara, J.P. Tourrenc, B. Orsal, M.H. Monier,
J. Jacquet, P. Leboudec and F. Marin, “Bragg section effects on
linewidth and lineshape in 1.55-mu m DBR tunable laser diodes”,
IEEE Photonic Tech. L. 16, 1429–1431 (2004);
8C.K. Laue, R. Knappe, K.-J. Boller and R. Wallenstein, “Wave-
length tuning and spectral properties of distributed feedback
diode lasers with a short external optic cavity”, Appl. Optics
40, 3051–3059 (2001);
9T. Chu, N. Fujioka, M. Ishizaka, “Compact, low-power-
consumption wavelength tunable laser fabricated with silicon
photonic-wire waveguide micro-ring resonators”, Opt. Ex. 17,
14063–14068 (2009);
10N. Fujioka, T. Chu, M. Ishizaka, “Compact and low power con-
sumption hybrid integrated wavelength tunable laser module us-
ing silicon waveguide resonators”, J. Lightw. Technol. 28, 3115–
3120 (2010);
11A. Yariv, “Universal relations for coupling of optical power be-
tween microresonators and dielectric waveguides”, Electron lett.
36, 321–322 (2000);
12D.H. Geuzebroek, E.J. Klein, H. Kelderman, F.S. Tan, D.J.W.
Klunder and A. Driessen, “Thermally Tuneable, Wide FSR
Switch based on Micro-ring Resonators”, Proc. Symposium
IEEE/LEOS Benelux, 155–158 (2002);
13R. Grover, V. Van, T. A. Ibrahim, P. P. Absil, L. C. Calhoun, F.
G. Johnson, J. V. Hryniewicz and P.-T. Ho, “Parallel-cascaded
semiconductor microring resonators for high-order and wide-FSR
filters,” J. Lightw. Technol. 20, 900-904 (2002);
14B.E. Little, S.T. Chu, H.A. Haus, J. Foresi and J.-P. Laine, “Mi-
croring resonator channel dropping filters”, J. Lightw. Technol.
15, 998–1005 (1997);
15F. Morichetti, A. Melloni, M. Martinelli, R.G. Heideman, A.
Leinse, D.H. Geuzebroek and A. Borreman,”Box shaped Di-
electric Waveguides: A new Concept in Integrated Optics”, J.
Lightw. Technol. 25, 2579–2589 (2007);
16R.G. Heideman, A. Leinse, W. Hoving, R. Dekker, D.H. Geuze-
broek, E.J. Klein, R. Stoffer, C.G.H. Roeloffzen, L. Zhuang,
A. Meijerink, “Large-scale integrated optics using TriPleXTM
waveguide technology: from UV to IR”, Proc. SPIE 7221,
72210R-1–72210R-18 (2009);
17A. Yariv, “Critical coupling and its control in optical waveguide-
ring resonator systems”, IEEE Photonic Tech. L. 14, 483–485
(2002);
18E. J. Klein, “Densely Integrated Microring-Resonator Based
Components for Fiber-To-The-Home Applications”, PhD
Thesis, University of Twente, ISBN 978-90-365-2495-7,
DOI: 10.3990/1.9789036524957 (2007);
19H. Tsuchida, “Simple technique for improving the resolution of
the delayed self-heterodyne method”, Opt. Lett. 15, 640–642
(1990);
20M. Han, A. Wang, “Analysis of a loss-compensated recirculating
delayed self-heterodyne interferometer for laser linewidth mea-
surement”, Appl. Phys. B 81, 53-58 (2005);
21J.K.S. Poon, J. Scheuer, Y. Xu and A. Yariv, “Designing coupled-
resonator optical waveguide delay lines”, J. Opt. Soc. Am. B 21,
1665–1673 (2004);
22A. Driessen, R. Dekker, M.B.J. Diemeer, D.H. Geuzebroek,
H.J.W.M. Hoekstra, E.J. Klein, A. Leinse, “Microresonators as
promising building blocks for VLSI photonics”, Proc. SPIE 5956,
1–18 (2005)
23R.F. Kazarinov and C.H. Henry, “The relation of line narrowing
and chirp reduction resulting from the coupling of a semiconduc-
tor laser to a passive resonator”, IEEE J. Quantum Elect. 23,
1401–1409 (1987);
24Ph. Laurent, A. Clairon and Ch. Bre´ant, “Frequency noise analy-
sis of optically self-locked diode lasers”, IEEE J. Quantum Elect.
25, 1131–1142 (1989);
